Corpora amylacea (CA) are a frequent microscopic finding in radical prostatectomy specimens from men undergoing treatment for prostate cancer. Although often observed histologically to be associated with inflammation, the contribution of CA to prostatitis-related symptoms of unknown etiology or to prostate carcinogenesis remains unclear. Prostatic calculi (PC), which potentially represent calcified forms of CA, are less common but can cause urological disease including urinary retention and prostatitis. We conducted a comprehensive compositional analysis of CA/PC to gain insight into their biogenesis. Infrared spectroscopy analysis of calculi collected from 23 patients confirmed a prevalence of calcium phosphate in the form of hydroxyapatite. This result sets PC apart from most urinary stones, which largely are composed of calcium oxalate. Tandem mass spectrometry-based proteomic analysis of CA/PC revealed that lactoferrin is the predominant protein component, a result that was confirmed by Western blot analysis. Other proteins identified, including calprotectin, myeloperoxidase, and ␣-defensins, are proteins contained in neutrophil granules. Immunohistochemistry (IHC) suggested the source of lactoferrin to be prostate-infiltrating neutrophils as well as inflamed prostate epithelium; however, IHC for calprotectin suggested prostate-infiltrating neutrophils as a major source of the protein, because it was absent from other prostate compartments. This study represents a definitive analysis of the protein composition of prostatic CA and calculi and suggests that acute inflammation has a role in their biogenesis-an intriguing finding, given the prevalence of CA in prostatectomy specimens and the hypothesized role for inflammation in prostate carcinogenesis.
prostatitis syndromes: I) acute bacterial prostatitis; II) chronic bacterial prostatitis; III) chronic prostatitis/CPPS; IV) asymptomatic inflammatory prostatitis.) CA often have been shown histologically to be associated with focal acute and chronic inflammation, epithelial trauma, and gland occlusion (8) ; however the potential involvement of CA in causing prostatitis/CPPS of unknown etiology remains largely undetermined. Inflammation and epithelial damage caused by prostatic CA also have been proposed to contribute to prostate carcinogenesis; however, studies have yielded disparate results (9) (10) (11) (12) . Many of these studies are compromised by a biased method of detection (primarily by x-ray), which favors the identification of only large calculi, and by failure to evaluate the presence of CA in the peripheral prostate where most cancers arise (i.e., examining only samples collected from the transition zone of the prostate during surgical treatment for benign prostatic hyperplasia). Intriguingly, ACI/Seg rats, which are among the few known rodent models of spontaneous prostate cancer, also have abundant CA in the prostate before the development of adenocarcinoma (13) .
The mechanism of prostatic CA/PC formation is unknown. Proposed contributing factors include prostatic infections (14, 15) , urinary retention or reflux into the prostate (16) , penetration of spermatozoa into prostatic tissue (17) , and desquamation of prostatic epithelium (3) . We hypothesized that the determination of the crystalline and protein composition of prostatic CA and PC would give important insight into their biogenesis. The results of previous studies of the crystalline composition of PC using both x-ray diffraction and scanning electron microscopy are varied and indicate a prevalence of either i) carbonate apatite and calcium phosphate in the form of whitlockite (18, 19) or ii) calcium phosphate in the form of hydroxyapatite (20) (21) (22) . These studies have focused almost exclusively on PC, and in the present study we sought to determine if CA also contain a crystalline component. Likewise, previous studies aiming to identify protein components of prostatic CA or PC have yielded disparate results. These studies have focused almost exclusively on CA, and methods of protein identification generally have involved either ultrastructural analysis with electron microscopy, x-ray diffraction, direct immunohistochemical staining of prostatic CA in formalin-fixed paraffinembedded tissues, or Western blot analysis of extracted proteins with selected antibodies. Based on these studies, the most com-monly accepted protein components include i) keratins and/or protein remnants of desquamated epithelial cells (3, 23) , ii) components of prostatic secretions (24) , or iii) byproducts of urine reflux and/or previously described components of amyloid (16, 25, 26) . In the present study, we used infrared spectroscopy to identify the crystalline composition and high-performance liquid chromatography combined with tandem mass spectrometry (LC/MS/MS) for a comprehensive analysis of the protein composition of prostatic CA and PC.
Results

The Crystalline Component of Prostatic Calculi is Predominantly
Calcium Phosphate in the Form of Hydroxyapatite. We collected PC from 23 radical prostatectomy specimens for stone analysis with infrared spectroscopy. These analyses revealed that the crystalline component of PC is predominantly calcium phosphate in the form of hydroxyapatite (Fig. 1) . In all, 19 of the 23 PC samples (83%) were found to be composed entirely of hydroxyapatite, and 20 of the 23 samples (87%) contained hydroxyapatite. PC also were composed of 100% carbonate apatite in 2 of the 23 cases (9%), 100% whewellite in 1 of the 23 cases (4%), and a combination of hydroxyapatite and granular whewellite in 1 of the 23 cases (4%). The stones recovered from each prostate varied widely in size, shape, and color, even when stones were composed of identical crystalline components (Fig. 1) . Four additional specimens that were comprised entirely of ''concretions,'' which were less than 1 mm in diameter and were determined after microscopic examination to represent CA rather than calculi (Fig. S1 ), also were analyzed with infrared spectroscopy. Interestingly, 2 of the CA samples contained no detectable crystalline component, whereas the other 2 were found to contain either 100% hydroxyapatite or a combination of hydroxyapatite and granular whewellite.
Proteomic Analysis of Prostatic Corpora Amylacea and Calculi Reveals
Evidence of an Acute Inflammatory Process. High-performance LC/ MS/MS is a method that allows comprehensive identification of proteins in complex mixtures. We sought to use this ''shotgun proteomics'' approach to analyze total proteins extracted from prostatic CA and PC. After testing several extraction methods, we found that protein could be extracted readily from CA and PC by first crushing with a Dounce homogenizer and then heating in 1M Tris pH 8.0 at 70°C for 30 min. When these extracts were analyzed by standard SDS/PAGE, a predominant band at Ϸ100 kDa and several fainter bands at lower molecular weights generally were observed (Fig. 2) . By LC/MS/MS, the most prevalent proteins found (in 100% of patients) were identified as lactoferrin, myeloperoxidase, and S100 calcium-binding proteins A8 and A9 (which complex to form human calprotectin) ( Table 1 and Table S2 ). All 3 of these proteins, as well as several others identified by the LC/MS/MS analysis, including ␣-defensins, secretory leukocyte peptidase inhibitor, lipocalin 2 (NGAL), ␤2-microglobulin, azurocidin 1, bactericidal/permeability-increasing protein, cathepsin G, lysozyme C, orosomucoid 1, and elastase 2, are proteins contained in neutrophil granules (27) . The remaining proteins identified include components of human prostatic fluid such as prostatespecific antigen and prostatic acid phosphatase (PAP) as well as additional proteins involved in immunity (Ig heavy and light chains, RNases, and complement system components). A comparison between 2 separate PC from Patient 1 and PC versus CA from Patient 2 indicated that protein composition generally was consistent between different CA/PC from the same patient, especially for peptides with higher ions scores and multiple peptide hits (Table S3) . Furthermore, we found that the protein extract of the 2 CA samples that did not contain any detectable crystalline component displayed the characteristic Ϸ100-kDa band upon SDS/PAGE analysis and yielded a LC/MS/MS profile similar to that of calcified samples, consistent with the idea that noncalcified CA are related to, or in fact are precursors of, PC.
Identification of Predominant Protein Band as Lactoferrin.
To confirm the identity of the protein(s) that comprise the predominant band consistently observed in the protein extract of prostatic CA and PC, we excised the gel band observed at Ϸ100 kDa after SDS/PAGE for Patient 2 (PC), Patient 3 (PC), and Patient 4 (CA) (Fig. 2 ) for in-gel protein analysis by LC/MS/MS. The identification of the best match for peptide present in these excised gel bands was lactoferrin, which was identified in all 3 of the samples (Fig. 3A) . Peptide hits also were observed in 2 of the 3 samples for S100 calcium-binding protein A9, carcinoembryonic antigen-related cell adhesion molecule 6, lipocalin 2, and desmoplakin; however, the ions scores and the number of peptide hits for these proteins were far lower than for lactoferrin. Whether these proteins are contained within the Ϸ100-kDa band along with lactoferrin, or, more likely, are caused by the minor ''streaking'' of the protein samples during electrophoresis could not be determined. To confirm further that the predominant band observed in the protein extract from prostatic CA and PC consisted of human lactoferrin, we performed Western blot analysis. Samples analyzed included human milk lactoferrin, human neutrophil lactoferrin, and peripheral blood white blood cell lysate (all as positive controls) and human skin fibroblast lysate and LNCaP and PC3 prostate cancer cell line lysates (all as negative controls, because lactoferrin previously has been shown to be downregulated significantly in prostate cancer) (28, 29) . Samples also included a human prostate tissue lysate from tissue biopsy samples taken from a radical prostatectomy specimen, prostatic fluid collected from a prostatectomy specimen, and 7 of the CA/PC protein extract samples analyzed by LC/MS/MS. The results of Western blot analysis showed positive staining for lactoferrin in all the CA/PC protein extracts at Ϸ100 kDa (Fig. 3B) , further confirming the presence of lactoferrin in the CA/PC extracts and localizing it to the predominant band observed by SDS/PAGE.
Association Between Corpora Amylacea and Prostatic Inflammation.
IHC on prostate tissue sections revealed that lactoferrin is present in prostate-infiltrating leukocytes and, as has been reported previously, in prostate epithelium in areas of inflamed prostate and areas of atrophy (Fig. 4, E and F) (30) . Likewise, as has been reported previously, prostate cancer was found to be negative for lactoferrin production ( Fig. 4C) (29) . We observed that CA stained very strongly with the lactoferrin and calprotectin antibodies. Although this observation is subject to potential artifacts because various antibodies seem to bind nonspecifically to CA in the prostate (A.M. De Marzo, unpublished observation), the very strong intensity of staining, as well as the ''ring'' structures that were negative for staining, are a unique observation (Fig. 4 D-I) , and, together with the results of LC/MS/MS and Western blot analyses, indicate that the staining indeed is likely to be authentic lactoferrin/calprotectin staining. IHC for calprotectin in prostate tissue sections showed positive staining predominantly in prostate-infiltrating leukocytes and in CA (Fig. 4, G and I) . This finding, together with the identification of several other proteins contained in neutrophil granules (myeloperoxidase and ␣-defensins, among others), indicates that at least some fraction of the proteins found in prostatic CA are derived from neutrophils, as opposed to prostate epithelial secretions.
Because our data indicate that acute inflammation probably contributes to CA formation, we decided to examine radical prostatectomy specimens that contain inflammation for further evidence of this process. We observed that areas of acutely inflamed prostate, and specifically regions where gland lumens are infiltrated densely with neutrophils and/or macrophages, also can contain very tiny laminated bodies (Ͻ 100 m) that probably represent very early forms of CA (Fig. 5) . Intriguingly, we saw that these tiny corpora seem to be engulfed by macrophages and/or multinucleated giant cells in some instances (Fig. 5D) . We do not know if this engulfment represents an immune response to CA or whether engulfment may contribute to CA enlargement.
Discussion
Whether the formation of CA and PC can be considered a benign process associated with aging or whether the inflammation, epithelial damage, and glandular occlusion observed histologically to be associated with prostatic CA/PC (8) contribute to symptomatic prostatitis/CPPS of unknown etiology or to prostate carcinogenesis remains largely undetermined. In the present study we have confirmed that the crystalline component of PC is predominantly calcium phosphate in the form of hydroxyapatite. We find this result to be intriguing because, unlike calcium oxalate calcification which is prevalent in most urinary stones (31), classical hydroxyapatite calcification in the context of bone formation requires specific protein(s) (e.g., collagen) along with ''matrix vesicles'' to mineralize. Furthermore, alkaline phosphatase also is required for the cleavage of phosphates from external substrates in the matrix mineralization process. In this respect, it is of interest that we detected PAP in most of the CA/PC protein samples analyzed by mass spectrometry.
Whether this enzyme plays a role in the hydroxyapatite calcification of CA is yet to be determined, but an involvement of PAP could explain the prostate specificity of these concretions.
Although the crystalline component of prostatic CA/PC differs from that most commonly observed in urinary stones, several surprising correlations exist in the protein composition. For example, calprotectin has been shown previously to be a component of the organic matrix of calcium oxalate urinary stones (32) (33) (34) . Calprotectin is a calcium ion-binding protein that plays a role in inflammatory responses and in the regulation of cell cycle progression and differentiation. Studies have shown that high concentrations of calcium can induce calprotectin aggregation and serve as a potential mechanism for amyloid formation (35) . Conversely, studies also have indicated that calprotectin may serve as an inhibitor of stone formation (36) . Interestingly, S100-binding proteins were identified in CA in the human brain (37) . S100 calcium-binding proteins A8 and A9 also have been reported previously to be up-regulated in prostate intraepithelial neoplasia and carcinoma (38) . We did not confirm these findings when we performed IHC for calprotectin. On the contrary, we found that calprotectin staining was restricted to infiltrating immune cells and areas of inflamed prostate. Our results could explain why serum and urinary levels of MRP-14 (S100 calcium-binding protein A9) recently were shown to be ineffective in discriminating between prostate cancer cases and controls (39) . As with prostate-specific antigen (a widely used serum marker for prostate cancer), false-positive results may occur when the prostate is inflamed but contains no cancer.
In striking correlation to the present study, mass spectrometry analysis of proteins extracted from calcium oxalate urinary stones identified proteins that we identified in prostatic CA and PC, including calprotectin, neutrophil elastase 2, cathepsin G, azurocidin, ribonuclease 3 (eosinophil cationic protein), lysozyme C, and ␣-defensin HNP3 (32) . Lactoferrin also was identified in a similarly conducted study of urinary stones but only as a low-abundance protein (33) . Lactoferrin also has been implicated in pancreatic stone formation (40) and is thought to play an important role in pancreatic inflammation (or chronic pancreatitis) during this process.
Clearly, with such a preponderance of acute inflammationrelated proteins identified in urinary stones and now in prostatic CA/PC, it is reasonable to propose that acute inflammation may play a role in the formation of these stones. Whether these proteins induce stone formation or are incorporated into the stone as a result of inflammation caused by the stone is unknown. Our finding that neutrophil-related proteins are contained in all forms of CA and PC, including noncalcified CA, which we predict are the earliest stage in a continuous formation process, strongly argues that these proteins contribute directly to stone formation. Cells involved in innate immunity (including macrophages, neutrophils, and mast cells) have been identified as contributing factors in inflammationassociated malignancy (41, 42) . Both acute and chronic inflammation of unknown etiology is observed commonly in the prostates of prostate cancer patients, and a similar role for inflammation in the initiation and/or progression of prostate cancer has been proposed (8, 43) . Our discovery that CA and PC in the human prostate contain multiple proteins involved in acute inflammatory pathways raises the intriguing possibility that these tiny concretions may, in fact, be indicative of past inflammatory events in the prostate. Along these lines, 2 of the most prevalent proteins identified in this study, lactoferrin and calprotectin, are critical in defense against bacterial infections and have been implicated in severe inflammatory conditions such as inflammatory bowel disease (where fecal levels of lactoferrin and calprotectin are, in fact, diagnostic of the disease) and in microabscesses (44, 45) . Interestingly, several studies have correlated prostatic CA/PC with bacterial infections, and multiple groups have succeeded in culturing bacteria from PC (7, 9, 14, 15) . Species cultured include Escherichia coli and Pseudomonas spp., species that have been identified in the prostates of cancer patients via 16S rDNA analysis and have been suggested as possibly playing a role in prostatic inflammation and/or carcinogenesis (46) . Another indirect indication that prostatic CA may play a role in the development of prostate cancer is the finding that frequency of ejaculation is inversely related to prostate cancer risk (47, 48) . Higher ejaculation frequency may result in ''clearance'' of prostatic CA before they can grow to a size that causes glandular obstruction or inflammation. An important follow-up study would be to determine if the number of CA in the prostate correlates with the risk of prostate cancer or with ejaculation frequency.
The requirement for a protein ''nidus,'' or organic matrix, is well described for calcification of stones in the urinary tract. This requirement is analogous to the requirement for an organic matrix (e.g., collagen fibrils) for bone mineralization by hydroxyapatite. CA may begin as protein aggregates of lactoferrin and/or calprotectin, both of which have been shown to aggregate or to form amyloid in vitro (35, 49) , perhaps as a result of acute inflammation in the prostate. This possibility is supported further by the observation of lactoferrin secretion specifically in inflamed prostatic epithelium. Also, prostate-infiltrating Th17 cells have been shown to be present in cancer patients, and a primary role of IL-17 is in neutrophil recruitment (50) . Many conditions associated with dense neutrophil infiltration and/or acute inflammation (ulcers, abscesses, fistulae) are not known to contain CA. Peptide fragments of PAP recently were shown to be capable of forming amyloid fibrils both in vitro and in vivo (51) . These fibrils also were shown to increase the infectivity of HIV drastically. If PAP is involved in CA formation, this involvement might help explain the high prevalence of CA in the prostate (i.e., where PAP is produced almost exclusively), as opposed to other organs that suffer relapsing bouts of acute inflammation. In addition, other proteins identified, including ␤2-microglobulin and ␣-1-antichymotrypsin, also have been implicated in amyloid formation. The formation of CA may occlude prostatic ducts and lead to infection caused by stasis of prostatic secretions. The resulting inflammation could result in the deposition of calcium salts (e.g., calcium phosphate) that calcify CA. Additionally, many of the proteins we identified in CA and PC are known calcium-binding proteins (e.g., S100 calcium-binding proteins), and calcium binding may play an important role in the calcification process. The calcification of CA may occur very early in the formation process, as evidenced by the detection of calcium phosphate in samples less than 1 mm in diameter.
In the present study, we have confirmed a prevalence of calcium phosphate in the form of hydroxyapatite in PC. We also have conducted the most comprehensive analysis to date of the protein components of prostatic CA and calculi, showing that the most prevalent protein is lactoferrin and that several other proteins contained in CA and PC also are components of neutrophil granules. The results of this study provide intriguing evidence for a role for acute inflammation in the process of CA/PC formation in the prostate, an observation that may give important insight into the frequency of asymptomatic acute inflammation in the prostate and a potential contributing factor to prostate carcinogenesis.
Materials and Methods
Patient Population and Clinical Specimens. All specimens were obtained under a protocol approved by the Johns Hopkins Medicine Institutional Review Board. CA (defined in this study as laminated bodies with the microscopic appearance of CA without calcification and a size of Ͻ 1 mm in diameter) and calculi were collected from radical prostatectomy specimens from patients undergoing treatment for adenocarcinoma of the prostate at the Johns Hopkins Hospital in Baltimore, MD as described in SI Text.
Stone Analysis. Prostatic CA and PC from 27 patients were submitted for stone analysis by modern infrared spectroscopy at Beck Analytical Services (Indianapolis, IN). The ''stones'' varied in size from Ͻ 1 mm to 8.9 mm in diameter. In all but 3 cases, multiple stones from each patient were submitted.
Protein Analysis. Protein could be extracted from all the samples tested by first crushing with a Dounce homogenizer and then heating the resulting suspension in 100 l of 1M Tris pH 8.0 at 70°C for 30 min. All samples submitted for mass spectrometry analysis were treated in this manner. We found that after any kind of treatment, a proportion of the sample still consisted of a fine ''silt-like'' material. The samples were centrifuged at 16,000 ϫ g for 2 min to pellet the silt, and 30 l of the supernatant was used for protein visualization by SDS/PAGE using Pierce Precise 4 -20% polyacrylamide gradient gels (Pierce) followed by Coomassie staining (SimplyBlue SafeStain, Invitrogen). Gel bands excised for in-gel LC/ MS/MS analysis were taken from these SDS/PAGE gels as described in SI Text.
For total peptide analysis, the silt was resuspended in the remaining sample, and 30 l was removed for mass spectrometry analysis. Both the supernatant and the ''silt'' from this 30 l were submitted for analysis by LC/MS/MS. Peptides were identified in the ''silt'' samples; generally, however, a greater number of peptides were identified in the supernatant.
LC/MS/MS analyses were performed at the Mass Spectrometry Core Facility at the Johns Hopkins Hospital (Baltimore, MD), as described in SI Text.
Western Blot Analysis and Immunohistochemistry. The remaining protein extract from the prostatic CA/PC samples was used for Western blot analysis for human lactoferrin. After traditional SDS/PAGE using Pierce Precise 4%-20% polyacrylamide gradient gels (Pierce) followed by electrophoretic transfer to Hybond-ECL nitrocellulose membranes (Amersham Biosciences), the resulting membranes were blocked for 30 min at room temperature in 5% bovine milk. After blocking, the membranes were probed with polyclonal rabbit anti-human lactoferrin antibody (Sigma L3262) diluted at 1:5000 overnight at 4°C. The membranes were washed in 0.1% Tween Buffered Saline (TBS) and probed with HRP-conjugated goat anti-rabbit secondary antibody (Pierce) at a 1:5000 dilution overnight at 4°C. The Western blots were developed using ECL Detection Reagent (Pierce). Positive controls for Western blot analyses were prepared as described in SI Text.
IHC was performed with the PowerVision IHC detection system (ImmunoVision Technologies, Co.) as described in SI Text.
